We consider a class of Z 2 × Z 2 heterotic superstring vacua, characterised by SO(10) gauge symmetry broken to the Pati-Salam gauge group, (2) R , by the use of a discrete Wilson line. A series of criteria is employed in order to select phenomenologically interesting vacua. These include the presence of symmetry breaking Higgs fields, the absence of exotic matter and the presence of top quark mass coupling in the tri-level superpotential. A concrete exemplary model that satisfies all criteria is presented and analysed in detail.
Introduction
String theory provides the framework for a unified description of all forces including gravity. However, in four dimensions, the theory possesses a huge number of vacua, the so called 'landscape' [1] . In the limit of low energies, a subset of these vacua is expected to lead to some effective field theory that reproduces the basic phenomenological features of the Standard Model of gauge interactions. In the absence of a stringy vacuum selection mechanism, a lot of effort has been put into the study of general properties and classification of these vacua in various formulations [2, 3, 4, 5, 6] .
In reference [6] a method has been developed that allows for a detailed analysis of a big number of superstring vacua in the Free Fermionic Formulation [7] of the weakly coupled heterotic superstring. This approach is guided by low energy phenomenology starting from the fact that the Minimal Supersymmetric Standard Model (MSSM) fermion generations together with the righthanded neutrino, fit perfectly into the spinorial representations of an SO (10) gauge factor, while the vectorials of the same group can accommodate the MSSM breaking Higgs particles. The authors have identified an interesting subclass of superstring vacua with SO(10) gauge symmetry and derived analytic formulae regarding the number of spinorial/antispinorial and vectorial representations. Furthermore, the SO(10) gauge symmetry can be broken at the string level to a subgroup of SO (10) that includes the MSSM. The simplest choice, from the technical point of view, is the PatiSalam (PS) gauge symmetry [8, 9] . The main phenomenological characteristics of each model, as the number of fermion generations, the number of candidate Higgs doublets and the number of exotic matter representations can also be calculated analytically. Computer search is then used to classify the PS vacua and a series of phenomenological criteria can be imposed on the spectrum in order to identify models compatible with the MSSM al low energies. Typical criteria are: three fermion generations, the existence of Pati-Salam breaking Higgs multiplets, the existence of SU(2) L Higgs doublets, the absence of exotics.
Implementation of the method provides some interesting results in the case of the Pati-Salam supertring vacua, comprising approximately 10 15 models [10] . A big number of models, of the order of 10 9 , satisfy all phenomenological constraints, including the absence of massless exotic fractionally charged matter. This is a rather surprising result given the fact that the existence of fractional charged exotics is a generic property of Standard Model string vacua [11] . Actually the "exophobic" models presented in [12] where, to our knowledge, the first semi-realistic models where all exotics are massive at the string level.
Reducing further the set of acceptable models, requires extra phenomenological constraints involving couplings. For example, an important selection criterion is the existence of the top quark mass coupling at the tri-level superpotential. Effective implementation of this constraint, involves the analytic evaluation of the associated correlation function, for a generic model in the class under consideration and significantly reduces the number of acceptable models to a few million [13] . Removing redundancies, that are quite generic in these constructions, we end up with a few hundred distinct models.
Our classification method has been particularly fruitful in identifying "islands" of phenomenologically attractive models in the heterotic "landscape". Nevertheless, a much more elaborate procedure is required before deciding whether a model could be qualified as (semi)realistic and a lot of
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Top mass and classification of heterotic superstring vacua J. Rizos things could go wrong at the various stages of the analysis. A specific model, that meets all criteria, has been constructed and analysed in [14] , explicitly demonstrating that models in this class are of particular phenomenological interest. This article is based on references [6, 10, 12, 13, 14] . In Section 2 we review briefly the classification method and the set of phenomenological criteria for model selection. In Section 3 we review the analysis of an exemplary model.
Classification method and Phenomenological constraints
A heterotic string model in the Free Fermionic Formulation [7] is defined in terms of a set of n basis vectors
and a set of n(n − 1)/2 phases, associated by the generalised GSO projections (GGSO), denoted by
2) subject to some constraints that guarantee modular invariance. Each basis vector consists of a set of 
In the following we will interpret 3 as the "observable" and (8) as the "hidden" sector of the theory. In this class we have 13(13 − 1)/2 = 78
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Top mass and classification of heterotic superstring vacua J. Rizos independent real GGSO coefficients c . . . , 13. Restricting to N = 1 supersymmetric models and eliminating some obvious redundancies we are left with 51 independent GGSO phases. Each coefficient can take values ±1 and a complete set of these phases defines a model, therefore this class a priory comprises 2 51 ∼ 10 15 configurations. An advantage of this construction, at the technical level, is that the gauge group is determined primarily from the basis vectors and thus is fixed, while certain enhancements that appear for particular choices of the GGSO phases can be easily eliminated.
Another advantage of this formulation is the separation of matter spectrum in different sectors, controllable by GGSO projections:
• States belonging to SO(10) spinorials not charged under SU (2) 4 × SO (8) . These belong to 16, 16, truncated by the GGSO projections, SO (10) 
They are candidates for matter fermion generations and arise only from the twisted sectors 
• States belonging to SO (10) vectorials not charged under SU (2) 4 × SO (8) . Higgs doublets are accommodated in vectorial SO (10) matter representations that arise from the sectors V I pqrs = S +x +B I pqrs , I = 1, 2, 3 together with their superpartners from S +V I pqrs . The vectorial decomposition under SO (10) 
Three additional pairs of (6, 1, 1) matter multiplets arise from the untwisted sector.
• Matter states charged under SU (2) 4 × SO (8) • Mixed matter states that are charged under both the observable and the hidden sector. These are exotic fractionally charged states and arise from the sectors (S) + B I pqrs + x, I = 1, 2, 3 and B I pqrs + x + α, I = 1, 2, 3
• Non-abelian gauge group singlet states charged only under U(1) 3 , arising from both the twisted and the untwisted sectors.
After some tedious algebra we can derive analytic formulae for the multiplicities and the chiralities (when applicable) of each of the above matter spectrum representations, expressed in terms of the independent GGSO phases. These formulae can be evaluated using a fast computer algorithm and explicitly scan model spectra, in order either to classify them, or to identify models whose spectrum meets certain phenomenological criteria. To reduce computer time we can statistically sample the space of possible configurations by generating random sets of GGSO coefficients. A characteristic plot of the number of configurations versus the number of generations is presented in Figure 1 . Detailed results are given in [10] . The phenomenological criteria employed in [10] include
• Impose 3 complete fermion generations 3 × [(4, 2, 1) + (4, 1, 2)] and at least one pair of PS breaking Higgs (4, 1, 2) + (4, 1, 2).
• Existence of massless Higgs doublets (1, 2, 2).
• No massless fractionally charged exotics. Existence of these states in the spectrum of a string model is a generic property [11] , however their presence is hard to reconcile with standard cosmology [15] . As shown in Figure 1 this class contains a plethora of massless exotic free models.
A statistical computer scan over a sample of 10 11 out of 10 15 configurations shows that around one to a million (1 : 10 6 ) satisfy all these phenomenological constraints.
Additional phenomenological constraints need to be imposed in order to further narrow the space of candidate models. An important selection criterion is the existence of the top quark mass term at the tri-level superpotential. Apart from the gauge part, this coupling involves an Ising type correlation function that needs to be evaluated for a generic configuration. A detailed calculation shows that this requirement can be used to fix 12 extra GGSO phases [13] c
The number of acceptable models is significantly reduced to a few million that can be fully classified with the help of a computer program. Removing redundancies we end up with a few hundred distinct models that meet all phenomenological criteria.
A Pati-Salam exemplary Model
Our classification method has revealed a subclass of Pati-Salam vacua, that satisfy all selection criteria and are thus good candidates for low energy models. However, compatibility with Minimal Supersymmetric Standard Model requires a detailed analysis, including the calculation of the superpotential and the solution of F-and (anomalous) D-flatness conditions. One has further to check weather the flat directions are compatible with the breaking of the PS gauge symmetry to the MMSM gauge group and also keep at least some of the Higgs doublets light. To this end, a concrete model has been constructed in [14] . The model is defined by the basis (2.3) and the field symbol 
The full model spectrum is given in Tables 1,2. The first contains the "observable sector" spectrum, that is states not charged under the SU (2) 4 × SO (8) group factor. It consists of three (4, 2, 1) + (4 , 1, 2 ) multiplets that can accommodate the fermion generations, a pair of (4, 1, 2) , (4 , 1, 2 ) representations that contain the Pati-Salam breaking Higg scalars, three pairs of Higgs bi-doublets (1, 2, 2), seven pairs of extra triplets (6, 1, 1) and a set of 34 non-abelian group singlets. The second table comprises the "hidden sector" states, that is states charged under the SU (2) 4 × SO (8) group factor. The full trilinear superpotential, W , can be calculated by a tedious but straightforward evaluation of the correlators of the associated vertex operators [16] where
and 
The F-flatness conditions are given by
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we obtain a set of 31 equations
Φ 4 : ζ 7ζ7 = 0 (3.8) They lead to a set of three non-trivial D-flatness equations [14] that can be used to fix three of our free parameters. Moreover, this solution has the advantage of rendering all additional MSSM triplets, accommodated (6, 1, 1), superheavy leaving only the MSSM spectrum at low energies. The above demonstrate that models in this class are of particular phenomenological interest and deserve further analysis.
